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Introduction
Areas on each side of overbridges in embankment sections form border zones between the embankment and the girder, where ballast support rigidity varies, and track subsidence tends to occur [1] . Discontinuous track support rigidity and track subsidence may increase train induced ground vibration. Investigations were thus conducted into the influence that ballast support rigidity variation and track subsidence can have on dynamic forces and the characteristics of ground vibration propagation by means of a parameter study using dynamic analysis models. Evaluations were also made of the effect of countermeasures for ground vibrations close to the overbridge.
First, calculations were made of the time histories of exciting forces due to moving vehicles through dynamic analysis. A weighted line excitation model was then produced with the maximum time history values and the propagation of ground vibrations was calculated. Figure 1 is a flow chart summarizing the study.
Dynamic analysis of the train-track-structure system

Analytic model
A program called "DALIA [2] " was selected for calculating moving vehicle and structure interaction. This program is based on a dynamic substructure method. In this chapter, a 2-dimensional FEM model is employed. Car bodies and bogies were modeled with beam elements, while each axle was modeled using concentrated mass elements. Wheel-rail contact springs were modeled using spring elements with a linear spring constant. The outline of the analysis model and the parameters of the car model are shown in Fig. 2 and Table 1 respectively. The length of the structure model was 106.25 m. The middle part of the model, at 86 meters, was taken for evaluation. The span of the overbridge was 6.25 m. The modeled train was a standard Shinkansen train set with eight cars. Each car was 25 m long, and the train speed was 270 km/h. The track model consisted of rails, sleepers, ballast, and a track bed. As a two-dimensional model was employed, two rails were modeled with one beam. Beam elements with very low bending rigidity were used for the ballast and track bed model. Sleepers were modeled with concentrated mass elements. The components of the track models were connected with springs and dashpots with linear constants. The structure model consisted of one girder and two abutments (A1 and A2) with footings. All components were modeled with beam elements, and the abutments and the footings were supported with ground springs. Table 2 shows the track Fig. 1 Flow of the parameter study and structure model specifications. The spring constants and the damping coefficients of the ballast, track bed, and ground were specified with reference to papers [3] , [4] , and Design Standards for Railway Structures (2012).
Parameter study on the relationship between track support rigidity and excitation force
Investigations were made into the effect of track support rigidity on the excitation force through a parameter study. Four cases were studied, as shown in Table 3 . Model parameters are shown in Table 4 . By referring to results of in situ exploration [4] , the standard P-wave velocity (V P ) of the embankment was determined as 550 m/s and S-wave velocity (V S ) as 165 m/s. In the standard case (case 1), the whole embankment had the same properties. In case 2, the embankment had weak areas near each abutment. Based In cases 2 and 3, the ground spring in this area was changed 4.8m Rear abutment (A1) on [1] , the length of each weak area was determined to be 2 m. In case 3, countermeasures to reinforce weak areas were applied. In case 4, the whole embankment was reinforced.
Footing
In cases 2 and 3, changes were made to the ground spring constants of the roadbed near the abutments and the support spring constant of the backfill of the abutments. These areas are shown with a dashed line in Fig. 2 . The excitation force used was the summation of the reaction force of springs and dashpots. Case 2 also included rectangular concave track subsidence due to the embankment settlement in weak areas. Table 5 shows that the amplitude of track subsidence was from 0 mm to 0.75 mm. Figure 3 shows the time history of the excitation force in the backfill of the front abutment (A2) in case 1 as an example of the calculations. The maximum value of the excitation force was used at each point (maximum excitation force) as an indicator. Figure 4 shows the maximum excitation force at each point. In Fig. 4 , track subsidence in case 2 is 0 mm. As seen in Fig. 4 , maximum excitation force in the backfill of each abutment increases. Excitation force ). Figure 4 also shows that maximum excitation force in case 3 or case 4 at point (c) was about 7 kN larger than in case 1. On the other hand, maximum excitation force at point (a), which is 9.4 m away from the abutment, was almost the same for all cases. Figure 5 shows the 1/3 octave band spectra of the excitation force at point (a) to point (c) in Fig. 4 . The spectra in all cases are almost the same at point (a) and point (b), while at point (c) the excitation force of 8 to 31.5 Hz bands in case 3 and case 4 are larger than that in other cases. The excitation force of 8 to 12.5 Hz bands and 20 to 31.5 Hz bands at point (c) are larger than at point (b), and the maximum difference is about 10 kN. Thus, the excitation force of these bands increased the maximum excitation force at the front of the A2 abutment. Figure 6 shows the distribution of maximum excitation force in case 2 with various track subsidence amplitudes. For small track subsidence (0 mm and 0.25 mm), maximum excitation force at the rear of the A1 abutment was smaller than at the front of the A2 abutment. However, for large track subsidence (0.5 mm and 0.75 mm), maximum excitation force at the rear of the A1 abutment was larger than at the front of the A2 abutment. Near the rear of the A1 abutment, the maximum excitation force increased only close to point (a) in Fig. 6 . On the other hand, near the front of the A2 abutment, a new peak appears a little away from the abutment (point (b)), and the peak near the abutment changes little. Figure 7 shows the 1/3 octave band spectra at point (a) and point (b). It is possible to see that the spectra of these two points are similar, and maximum excitation force grows as the track subsidence increases at both points in the frequency range equal to or higher than 20 Hz. In this parameter study, track subsidence affects the excitation force more than track support rigidity, so the suppression of track subsidence can be a countermeasure to increased excitation force near an abutment.
Investigation of countermeasures to train induced vibration near an overbridge
To investigate efficient countermeasures against train induced ground vibrations near an overbridge, three countermeasures shown in Fig. 8 were evaluated. Calculations were made of structural vibration, support reaction force, and excitation force for the ground vibration of each case, and these were compared with the standard case (case 1). In case 5, to make the overbridge more rigid, the footings of two abutments were connected by a beam element. The connecting element had the same section modulus as the footings. In case 6, the thickness of the girder was altered from 0.45 m to 0.8 m to raise the geometrical moment of 
inertia of the girder approximately 6 times greater than in the standard case. In case 7, dampers were inserted between each end of the girder and each abutment in reference to [5] . The damping coefficient of each damper was 5 MN s /m. Vibrations were compared of the ground level points of the A1 abutment, represented by a dashed circle in Fig. 2 . Figure 9 shows the difference in vibration acceleration level between case 1 and cases 5 to 7. Negative values mean that the countermeasure effectively mitigated vibrations, while the positive values illustrate the opposite effect. By connecting the footings (case 5
In the 12.5 Hz band, vibrations decreased by about 15 dB from the effect of dampers. According to the modal analysis for the standard case (case 1), the natural frequency of girder bending was 11.3 Hz. Thus, the dampers suppressed the 1st bending mode vibration due to the moving vehicle and effectively reduced 12.5 Hz band (i.e. 11.2 to 14.1 Hz) vibrations.
Secondary calculations were made for the reaction force of the rear support and the excitation force of ground vibration. Figure 10 shows the ratio of the reaction force when countermeasures were taken (cases 5 to 7) to the reaction force of the standard case (case 1). As shown in Fig.  10 , the reaction force ratios of each case were similar to the difference in vibration acceleration levels in Fig. 9 . Thus, vibration reduction seems to be a consequence of the reduction of the reaction force due to the girder thickening or girder-end dampers. Figure 11 shows the ratio of the maximum excitation force with countermeasures, to the standard case. The excitation force of these four cases is almost the same in the embankment area; i.e., the overbridge reinforcement did not greatly reduce the excitation force peak in the embankment. However, in the overbridge area, the excitation force in case 6 was different from other cases, namely it was larger than case 1 in the area to the rear of the center of the girder (-3.125 m to 0 m), and in the area towards the front (0 m to 3.125 m) was smaller than case 1. Figure 12 shows the distribution of the excitation force ratios for the bands 12.5 Hz, 25 Hz, and 40 Hz. Excitation force ratios differed between frequency bands. In the 25 Hz band, the excitation force changed less than in other frequency bands. In the 40 Hz band, the excitation force in case 6 was much larger than in other cases at the center of the girder. The change in bending rigidity due to girder 
Dynamic analysis of the structure-soil system
Based on results in the previous chapter, the ground propagation characteristics were investigated. 
Analysis model
A program called "Super FLUSH/3D", was employed which is based on the combination of a 3-dimensional FEM and a thin-layer method (TLM) combined with dynamic substructure method. Figure 13 shows the outline of the analysis model. The girder, abutments, and footings were modeled with shell elements. The embankment was modeled using solid elements possessing the same properties as in case 1 (Table 4) in the previous chapter. The ground was modeled with thin-layer elements, and the properties are shown in Table 6 . All structural elements had equivalent sectional properties to the model used in the previous chapter. A symmetrical model was employed, and the symmetry plane vertically crossed the center of the girder. A vertical line excitation model was also used, which excited the embankment and other structures with the same phase. The excitation line was at the center of one track as shown in Fig. 13 with downward facing block-arrows. The evaluation line on the ground is shown in Fig. 13(a) as a dotted red line, and the furthest evaluation point was 50 m away from track center. (b) Cross section
Effect of changes in track support rigidity on ground vibrations
Based on the maximum excitation force calculated in the previous chapter, calculations were made of the ground vibrations for four cases with different embankment properties as shown in Table 4 . As for the embankment with a weak area (case 2), the maximum excitation force in the case of 0.25 mm track subsidence was used (case 2-1). The depth of the weak or reinforced area (case 3) was 1 m. The amplitude of input excitation forces for each point was weighted using the maximum excitation force of the area towards the rear (Fig. 14) . Figure 15 shows the relationship between the track center distance and the vibration acceleration levels at bands 12.5 Hz, 25 Hz, and 40 Hz, on the ground. In 15, the reference vibration acceleration levels (i.e. 0 dB) are the vibration acceleration levels from case 1 for each frequency band at 0 m. As can be seen in this figure, 12.5 Hz band vibrations in case 4 were about 4 dB smaller than in other cases, for all distances. On the other hand, for distances over 12.5 m, 25 Hz band vibrations in case 4 were larger than in other cases. In the 40 Hz band, the vibrations in case 2-1 exceeded those of other cases at 6.25 m. Figure 16 is the subtraction of the vibration acceleration level of case 1 from other cases at 6.25 m, 12.5 m, and 25 m from the track center. Vibrations in case 4 (the whole embankment consists of the reinforced ground) was reduced at all three points in bands 8 to 20 Hz, and the maximum reduction was about 5 dB. Vibration levels in case 2-1 increased in bands 31.5 to 63 Hz at 6.25 m, but varied only slightly at 12.5 m and 25 m. Concerning the model employed in the tests, the existence of weak areas near the abutments raised vibrations near the track, but the area affected was limited.
Effect of overbridge countermeasures on ground vibrations
This section discusses the effect of overbridge countermeasures in section 2.3. Girder-end dampers were modeled using spring elements with a spring constant of 9.8 × 10 5 kN/m and a damping constant of 0.5. Figure 17 shows the relationship between the track center distance and the vibration acceleration levels for bands 12.5 Hz, 25 Hz, and 40 Hz, on the ground. As in Fig. 15 , vibration acceleration levels used as the reference in Fig. 17 were the vibration acceleration levels from case 1 for each frequency band at 0 m. The difference between cases was small in the 12.5 Hz band. In the 25 Hz band, at points between 0 m to 40 m, vibrations in case 6 and case 7 were smaller than in case 1 and 10 dB at most. On the other hand, for the 40 Hz band vibrations in case 6 were larger than in other cases. Maximum opposite effect appeared at 25 m point. Figure 18 is the subtraction of the vibration acceleration level of case 1 from other cases at 6.25 m, 12.5 m, and 25 m from the track center. At all three points, the vibrations in bands 16 to 25 Hz in case 6 and case 7 were 2 dB to 8 dB smaller than in case 1. Vibrations in case 6 increased by 1 dB to 3 dB in bands 31.5 Hz and 40 Hz. Due to girder thickening, characteristic values of vibrations such as the natural frequency, move to a higher frequency and increased higher frequency vibration. In case 7, vibration increments in the higher frequency range are suppressed.
According to results of the parameter study, footing connections do not reduce by much ground vibrations under the structural and ground conditions given in this study. On the other hand, girder thickening and girder-end dampers are effective in reducing specific frequency vibrations.
Conclusions
The results of this study are as follows: (1) Excitation forces increase on the embankment near overbridges, especially in the backfill of the front abutment. The frequency of the increased excitation force falls in bands 8 to 12.5 Hz and bands 20 to 31.5 Hz. (2) When there is little track subsidence, the excitation force in the front of the abutment is larger than in the rear of the abutment. In the case of larger track subsidence (0.5 mm ≤ ), the largest excitation force appears near in the rear abutment. 
